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Abstract
We report on high-resolution photoluminescence (PL) and photocurrent (PC) spectroscopies of
a single self-assembled InAs/GaAs quantum dot (QD) embedded in an n-i-Schottky device with an
applied magnetic field in Faraday and Voigt geometries. The single-QD PC spectrum of neutral
exciton (X0) is obtained by sweeping the bias-dependent X0 transition energy to achieve resonance
with a fixed narrow-bandwidth laser through quantum-confined Stark effect. With a magnetic field
applied in Faraday geometry, the diamagnetic effect and the Zeeman splitting of X0 are observed
both in PL and PC spectra. When the magnetic field is applied in Voigt geometry, the mixture of
bright and dark states results in an observation of dark exciton states, which are confirmed by the
polarization-resolved PL and PC spectra.
PACS numbers: 78.67.Hc, 78.55.Cr,71.35.Ji
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I. INTRODUCTION
Due to the three-dimensional confinement, semiconductor quantum dots (QDs) have
atom-like discrete energy levels, which makes QDs a good candidate of quantum information
processing [1, 2]. In-plane magnetic field has always been used to construct the energy level
structure as a platform to manipulate the single spins in QDs [3–9] by mixing bright and dark
exciton states [10–12]. Additionally, an applied magnetic field on QDs lifts the degeneracy of
electron and hole by Zeeman splitting, and shrinks the carrier wavefunctions by diamagnetic
effect [13, 14]. By embedding QDs in a diode structure, photocurrent (PC) spectroscopy,
as an effective way to detect the energy level and carriers information in a single QD, has
been used to observe Rabi oscillations of a two-level system in single QDs [15–18], which
can be utilized to build QD-based spin qubit. However, the finite dephasing time of the
carriers in QDs makes the qubit to be manipulated by ultrashort laser pulses, which limits
the resolution because of the wide spectral linewidth. In contrast, continuous-wave (CW)
laser owns ultra-narrow-bandwidth that allows high-resolution measurement [19, 20] and
high-fidelity initialization of the QD spin qubit [21] through PC spectroscopy.
In this letter, we present a systematic study of PL and PC spectroscopy of a single
InAs QD embedded in the intrinsic region of an n-i-Schottky photodiode based on a two-
dimensional electron gas (2DEG) with applying a magnetic field in Faraday and Voigt config-
urations. The high-resolution PC spectra of neutral exciton (X0) are measured by sweeping
the X0 transition energy through quantum-confined Stark effect (QCSE) to achieve the res-
onant excitation with a fixed CW laser. With a vertical magnetic field (Faraday geometry)
applied, the diamagnetic effect and the Zeeman splitting are observed through both PL and
PC spectroscopies. When a magnetic field is applied in the QD plane (Voigt geometry),
weak dark excitons states of neutral exciton and biexction (XX) are observed in PL spectra.
High-resolution PC spectra of X0 in Voigt geometry show the similar behavior, where the
dark exciton states are confirmed with polarization-resolved PC spectroscopy.
II. EXPERIMENTAL DETAILS
The n-i-Schottky device was designed for both PL and PC measurement of single QDs.
A distributed Bragg reflector (DBR) of 13-pairs of Al0.94Ga0.06As/GaAs (67/71 nm) was
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grown below the structure, followed by a 200 nm intrinsic GaAs buffer layer. A Si δ-doped
GaAs layer with a doping density Nd = 5×1012 cm−2 forms a 2DEG, which connects the
AuGeNi alloy ohmic contact. Then a single layer of InAs QDs with a density less than
1×109 cm−2 were grown along the [001] crystallographic direction embedded in a 250-nm-
thick intrinsic GaAs layer with a location of 50 nm above the 2DEG. In the active regime, a
10 nm semitransparent Ti was evaporated on the surface to form Schottky contact, then Al
mask with apertures of about 1-3 µm were patterned to isolate single QDs. Finally, Cr/Au
bond pads were fabricated on the Schottky and ohmic contact to bond electrodes. The
device structure allows to apply vertical electrical field on the QDs with the field strength of
F=(V i-V b)/d, where V i, V b and d are built-in potential, applied bias voltage and distance
between the Schottky contact and 2DEG, respectively. For the device measured in this
work in particular, the build-in potential V i was measured as 0.8 V. More details can also
be found in Ref. [22].
The device was placed on a xyz piezoelectric stage in the helium gas exchange cryostat
at 4.2 K equipped with superconducting magnets with magnetic fields up to 9 T in Fara-
day geometry and 4 T in Voigt geometry. To perform micro-PL measurement, a confocal
microscopy was furnished with a large numerical aperture of NA=0.83 microscope objec-
tive. Non-resonant excitation was performed by using a 650 nm semiconductor laser for PL
measurement, and the resonant pumping was achieved by a tunable narrow-bandwidth (∼1
MHz) external cavity diode laser (ECDL) in Littrow configuration. The PL of QDs was
collected and dispersed through a 0.55 m spectrometer, and the signal was detected with
a liquid nitrogen cooled charge coupled device camera (CCD) with a spectra resolution of
about 60 µeV. Half-wave plates, polarizers and quarter-wave plates were added in the col-
lection or the pumping part to perform the polarization-depend PL and PC measurement.
A source-measurement unit (SMU) with a high current resolution (10 fA) was used to apply
bias voltage across the Schottky diode and measure the current.
III. RESULTS AND DISCUSSION
Before carrying out the PC measurements, bias-dependent micro-PL spectroscopy was
performed on single QD. It provides the transition energies of different charged excitons
states and the bias voltage range for PC regime. The X0 and the XX transition energy were
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FIG. 1: Stark shift of X0 as a function of electric field and bias voltage obtained from the single
QD PL (circle) and PC (solid square) spectra. The solid line represents a quadratic fit by QCSE,
which provides the correlation between bias voltage (electric field) and X0 transition energy. Inset:
The fitted parameters for E 0, p, and β are given in the table.
determined by power- and polarization-dependent PL measurement, and the fine structure
splitting (FSS) is about 18 µeV at 0.4 V. The applied electric field tunes the band structure of
QDs, which induces quantum-confined Stark effect (QCSE). The energy change of X0 can be
described as E(F) = E (0) +pF + βF 2, where E (0) is the transition energy without external
applied field, p is the permanent dipole moment and β is the polarizability of electron-hole
wavefunctions. To achieve resonant excitation, the energy of the ECDL is tuned a little
lower than the X0 energy extracted from PL spectra. Then the PC signal of X0 is obtained
by sweeping the energy level of X0 via QSCE to be resonant with the fixed laser energy.
The corresponding central voltage is obtained by fitting the extracted PC spectrum of X0
with a Lorentzian curve. By tuning the pumping laser wavelength, a series of PC spectra
are obtained. Fig. 1 shows the Stark shift of X0 in a single QD for both PL and PC regimes.
With the fitted results in the inset, the correlation of electric field (bias voltage) applied on
the QD and the energy level position of X0 can be determined precisely.
When a magnetic field is applied along the growth direction, namely in Faraday geometry,
the energy levels of X0 and XX of a single QD split into two branches and moved toward high
energy part, as shown by the PL spectra in Fig. 2(a). The energy splitting is caused by the
Zeeman effect, which lifts off spin degeneracy of carriers. The excitons with different angular
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momenta of M=±1 combine and emit left and right circular polarized photons. Moving
towards high energy is due to the diamagnetic effect, which is attributed to the magnetic
field induced confinement of carrier wavefunctions in the QDs [14]. It can be described as
a quadratic relationship approximately. With the consideration of both Zeeman splitting
and diamagnetic effect, the energy shift for X0 can be described as: ∆E= γB2±gexµBB,
where γ is the diamagnetic coefficient, gex is the g-factor of the exciton, and µB is the Bohr
magneton.
Both effects also occur on PC spectrum with resonant pumping with a laser energy of
(a)
(b)
FIG. 2: (a) PL spectra of X0 and XX with a magnetic field from 0 T to 9 T in Faraday geometry
at 0.4 V. (b) PC spectra of X0 with a magnetic field from 0 T to 5.5 T in Faraday geometry with
pumping laser energy as ELaser=1377.21 meV. The top x-axis represents the energy shift comparing
with the X0 transition energy at zero magnetic field, which has been calculated according to QCSE.
The spectra are shifted for clarity.
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ELaser=1377.21 meV, as shown in Fig. 2(b). Here, in order to observe both branches, the
linear polarized light is chosen to pump the X0 resonantly. Because of the fixed energy of
pumping laser, it is worth noting that, the energy level of X0 are tuned lower to match the
laser energy with an additional energy shift induced by the diamagnetic effect. As a result,
the peaks of the PC spectra move to the negative bias voltage (high electric field) direction
at high magnetic field. In Fig. 2(b), the top x-axis represents the energy shift. Here the
relationship is quadratic according to QCSE and the zero represents the X0 transition energy
at zero magnetic field. From these data, the absolute value of gex for this QD is calculated as
(a)
(b)
FIG. 3: (a) Polarization-resolved PL spectra of X0 and XX with magnetic field from 0 T to 4 T
in Voigt geometry at 0.4 V. The solid lines and dotted lines represent the H- and V-polarized PL
spectra, respectively. The dash-dot lines gives the quadratic fitting of the PL peaks. The spectra
are shifted for clarity. (b) Enlarged PL spectra at 4 T. The dark exciton emissions X0
d
and XXd of
both X0 and XX can be clearly observed but the intensities are much weaker than bright exciton
emission.
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2.874, while the value is 2.946 from PL result. This difference is attributed to the tunability
of gex by electric field [23]. Here, for the PL spectra, the electric field is 16 kV/cm at 0.4
V; while for the PC, it is about 38.9 kV/cm at zero magnetic field. This weak tunability of
only about 2.5% is reasonable for self-assemble InAs QDs, comparing with flush-overgrown
QDs having large tunability of exciton g-factor [24]. The large gex tuning has been observed
in quantum dot molecules [25] or quantum dots of high aspect ratio between the height and
the base [23]. With such systems, the electron and hole wavefunction distribution could be
modified easily with electric field [24], particularly for the hole wavefunction distribution
[23, 26], which is not happening in the normal InAs QDs in our case. Noting that the PC
signals have a wide electric field range at high magnetic field, so the extracted gex is an
approximate value from PC.
The energy shifts also bring changes on the PC signal’s peak amplitude and linewidth,
which is caused by the combined effect of both external electric and magnetic field. With
the increasing of electric field, the electron and the hole tunnel out of the QDs faster, which
induces the linewidth broadening and the PC peak amplitude increase [27–29]; meanwhile,
the magnetic field’s confinement for carriers in the QDs decrease the tunneling rates, re-
sulting in narrower linewidth and smaller PC peak amplitude [30, 31]. These two opposite
interactions both account for the linewidth and the PC amplitude changes in Fig. 2(b).
When the magnetic field is applied in the QD plane (Voigt geometry), the phenomenon
is quite different. Instead of the circular polarization in Faraday geometry, the splitting
peaks for different angular momenta are perpendicular linearly polarized in Voigt geometry.
Fig. 3(a) shows the polarization-resolved PL spectra of X0 and XX with the magnetic field
range from 0-4 T in Voigt geometry at 0.4 V. Solid lines and dotted lines represent the
horizontal and vertical linear polarization of the PL spectra, respectively. The diamagnetic
effect and the Zeeman splitting is much weaker than those in Faraday geometry. The bright
exciton splitting with in-plane magnetic field can be described as E≈ δ1+KB
2 [32], where
δ1 is the FSS for zero field, i.e. 18 µeV for this dot. Here, the effective FSS increases with
the in-plane magnetic field, as marked by dash-dot lines for the bright exciton emission of
X0 and XX in Fig. 3(a). At 4 T, the splitting between two bright exciton emissions is about
26 µeV.
The most striking feature of the excitons of QDs in Voigt geometry is the emergence of
dark exciton states, which are optically forbidden normally with angular momentum of |M |
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(a)
(b)
FIG. 4: (a) PC spectra of X0 with magnetic field from 0 T to 4 T in Voigt geometry. The pumping
laser energy is ELaser=1377.21 meV. The top x-axis represents the energy shift comparing with
the X0 transition energy at zero magnetic field. The dark exciton states X0
d
can be observed from
1.5 T. (b) The polarization-resolved PC spectra of X0 at 4 T in Voigt geometry. The dark exciton
state only appears when pumping with a V-polarized laser. In order to observe more clearly,
the pumping laser energy was tuned to ELaser=1377.03 meV, and the pumping power was also
optimised. The spectra are shifted for clarity.
= 2. The in-plane magnetic field couples the bright and the dark states with destroying
the rotational symmetry, resulting in the spectroscopic access of dark excitons. As shown
in Fig. 3(a) labeled as X0
d
and XXd, the dark exciton peaks of X
0 and XX emerge when the
magnetic field reaches 1.5 T, and become stronger with further increase of magnetic field.
Using a diamagnetic field induced quadratic fitting, the dark state energy of X0 and XX at
zero magnetic field are extrapolated, as shown in Fig. 3(a). The bright and dark exciton
energy difference is calculated as 0.258 meV, which is comparable with other works [12, 32].
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But here only one branch of the two dark exciton states is observed similar to what have
been reported previously [32, 33], which might due to the QDs asymmetry induced large
anisotropy between the dipole moments of the two dark exciton states [34]. Even the 4 T
in-plane magnetic field can not destroy it.
The PC spectra of X0 in Voigt geometry is collected by pumping with circular polarized
light, as shown in Fig. 4. A dark exciton peak is observed at 1.5 T with the absorption energy
lower than the bright exciton peak, consistent with the PL spectra. As the recombination
of electron and hole in PL, here the optical transition of the dark exciton happens with
absorbing a photon due to coupling of bright and dark exction states. The stronger coupling
at high magnetic field in Voigt geometry results in an increase of PC amplitude. The dark
exciton has also been observed through PC spectrum by sweeping laser energy with coherent
pulse pumping [31]. But here the resolution is much higher because of the narrow bandwidth
(∼1MHz) of CW laser comparing with the 0.2 meV bandwidth of the short pulse. Because of
the circular polarization excitation, the PC peaks in Fig. 4(a) consist of both the polarization
components. Then the polarization-resolved PC spectroscopy pumping by linear polarization
laser was performed at 4 T in Voigt geometry. The result in Fig. 4(b) also shows the lack of
H-polarized peak of dark exciton states corresponding well to the PL spectra, which further
proves that this small peak is one of the dark exciton states.
IV. CONCLUSION
In conclusion, we have demonstrated the PL and PC spectroscopy of a single InAs/GaAs
QD with applying magnetic field in Faraday and Voigt geometries. The high-resolution PC
spectra of X0 were obtained by sweeping the X0 transition energy to match the fixed narrow-
bandwidth laser via QCSE. Besides the typical diamagnetic effect and the Zeeman splitting,
the dark exciton state was observed in Voigt geometry due to the mixing of bright and dark
states. The PC spectra shows the similar behavior with the PL results. Because of the
narrow bandwidth of the CW laser, the PC spectrum can have very narrow linewidth with a
suitable device structure [35, 36] with high precision. This proves that the PC spectroscopy
can be a powerful method to probe the dark exciton states in single QDs, as potential
candidates to implement spin qubits with a long coherence time.
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